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ABSTRACT 
The Bureau of  Mines has  s u c c e s s f u l l y  used s u l f u r  h e x a f l u o r i d e  (SF,) a s  a  
t r a c e r  gas  t o  measure mine a i r  f lows under c o n d i t i o n s  where c o n v e n t i o n a l  
methods have f a i l e d  . SF, was employed e x p e r i m e n t a l l y  t o  measure a c c u r a t e l y  
r e c i r c u l a t i o n  o f  r e t u r n  i n t o  i n t a k e  a i r  caused by leakage through a n  o l d  
s t o p e d  a r e a ,  t o  check f o r  p o t e n t i a l  leakage from a n  a d j a c e n t  mine ,  t o  t r a c e  
10,000 c h  of  " l o s t 1 '  a i r  from a n  i n t a k e  a i r w a y ,  and t o  measure t r a n s i t  a i r  
time through uranium mines .  It proved u s e f u l  a s  a  means o f  a c c u r a t e l y  measur- 
i n g  a i r f l o w  volumes i n  a i rways  of  l a r g e  c r o s s  s e c t i o n  and v e r y  low f low v e l o c -  
i t y ,  and i n  de te rmin ing  t h e  r e c i r c u l a t i o n  r e s u l t i n g  from underground c o o l i n g  
p l a n t s .  
INTRODUCTION 
Mine v e n t i l a t i o n  sys tems a r e  g e n e r a l l y  v e r y  complex. Many a s p e c t s  of  a  
mine v e n t i l a t i o n  network can  be s t u d i e d  by c o n v e n t i o n a l  anemometer and smoke 
c loud  t e c h n i q u e s .  However, problems such a s  r e c i r c u l a t i o n  o f  r e t u r n  i n t o  
i n t a k e  a i r ,  l eakage  from a d j a c e n t  m i n e s ,  " los t I1  i n t a k e  a i r ,  u n c e r t a i n  f low 
q u a n t i t i e s  i n  a i rways  of  l a r g e  c r o s s  s e c t i o n  and low v e l o c i t y ,  and unknown 
t r a n s i t  f low t imes through s toped  a r e a s  c a l l  f o r  new ways o f  a n a l y z i n g  a i r f l o w  
underground. Use o f  SF, a s  a  t r a c e r  gas  can  be a n  e f f e c t i v e  means o f  a n a l y z -  
i n g  t h e s e  v e n t i l a t i o n  problems. The Bureau o f  Mines i s  concerned w i t h  f i n d i n g  
s o l u t i o n s  t o  t h e s e  problems i n  c o n j u n c t i o n  w i t h  i t s  v e n t i l a t i o n  programs. 
Var ious  s t u d i e s  have been conducted by t h e  Bureau i n  s e v e r a l  mines i n  o r d e r  
t o  show t h e  v a l u e  o f  t h e  SF, t r a c e r  g a s .  
Organ ic  and i n o r g a n i c  c h e m i c a l s ,  and r a d i o a c t i v e  s u b s t a n c e s  have been 
used f o r  t r a c e  purposes ,  bu t  most o f  t h e s e  m a t e r i a l s  have i n h e r e n t  d i sadvan-  
t a g e s .  Chemical t r a c e r s  a r e  l e s s  e a s i l y  d e t e c t e d  a t  low c o n c e n t r a t i o n s  t h a n  
r a d i o a c t i v e  subs tances  , and a r e  of  t e n  h i g h l y  adsorbed o n  many s u r f a c e s .  Radio- 
a c t i v e  s u b s t a n c e s  , on t h e  o t h e r  hand ,  c a n  be d e t e c t e d  i n  low c o n c e n t r a t i o n s  , 
b u t  a r e  d i f f i c u l t  t o  hand le  and a r e  l i k e l y  t o  be unaccep tab le  t o  men working 
underground. An e f f e c t i v e  t r a c e r  gas  must be d e t e c t a b l e  a t  low c o n c e n t r a t i o n s ,  
l ~ e s e a r c h  p h y s i c i s t .  
2 ~ h y s i c a l  r e s e a r c h  s c i e n t i s t .  
s a f e ,  o d o r l e s s ,  have a  low background concent ra t ion ,  and be chemical ly and 
thermally s t a b l e .  
Su l fu r  hexaf luor ide  meets a l l  t he se  e s s e n t i a l  requirements .  It can be 
de t ec t ed  t o  very  d i l u t e  l e v e l s  by means of gas-so l id  chromatography using 
e l ec t ron -cap tu re  d e t e c t i o n  (1) .3 Saltzman (9) and Niemeyer and McCormick (7)  -
showed SF, can be t raced  dow; t o  a  concentraTion of lom5 ppm. 
Les t e r  and Greenberg ( 6 )  e s t a b l i s h e d  t h a t  SF, i s  s a f e  by keeping r a t s  i n  
an  80-percent SF, atmosphere f o r  24 hours with no ill e f f e c t s .  I n  a d d i t i o n ,  
i t  i s  o d o r l e s s ,  chemically and thermally 
s t a b l e ,  and i s  convenient t o  handle and 
d ispense  i n  a i r  (2). Hunt and Moore (2) showed t h a t  SF, i s  no t  measurably 
adsorbed on r e s e r v o i r  sands tone.  
Whisman (E) found the  same f o r  coa l .  
F i n a l l y ,  SF, has the  advantage t h a t  i t  
does not  occur n a t u r a l l y  i n  t he  
atmosphere. 
Severa l  r e sea rche r s  (2-3, 11) used 
SF, i n  meteor0 l o g i c a l  studTes oFmoving 
a i k  masses and t h e  d i s p e r s i o n  of  a i r -  
borne p o l l u t a n t s .  Drivas (4) used SFG 
a s  a  t r a c e r  gas  to. s tudy  venTi l a t ion  sys-  
tem i n  b u i l d i n g s ,  inc luding  the  v e n t i l a -  
t i o n  of i nd iv idua l  rooms and contamina- 
t i o n  due t o  re -en t ry  of  fume hood 
exhaust . 
Sulfur  hexaf luor ide  has a l s o  been 
employed i n  Appalachian c o a l  mines t o  
eva lua te  the e f f ec t iveness  of  the  plug- 
ging of o i l  we l l s  pene t r a t ing  the mines.  
Rennick (8) introduced s u l f u r  hexafluo- 
r i d e  into-the o i l  r e s e r v o i r  before  t h e  
we l l  was plugged. The success  of the  
plugging technique i n  prevent ing r e s e r -  
v o i r  gas from e n t e r i n g  the  mine atmos- 
L phere through the  wel l  ho les  was v e r i -  
I f i e d  by monitor ing the  mine a i r  twice 
I . d a i l y  f o r  i nd ica t ions  of the  t r a c e  gas .  
FIGURE 1. - SF6 lecture bottle w i t h  0.006- 
inch hole drilled in cap. %nderlined number i n  parentheses  r e f e r  
t o  i tems i n  the l i s t  of re ferences  a t  
the  end o f  t h i s  r e p o r t .  
RELEASE AND MEASUREMENT OF SF, 
Methods of r e l e a s i n g  SF, i n t o  the  atmosphere were inves t iga t ed  i n  t h e  
Bureau of  Mines Safe ty  Research Coal Mine a t  Bruceton, Pa. (lo). The major 
problem was found t o  be incomplete mixing of t he  dense SF6 wi th  t h e  mine a i r  
i n  airways of  low v e l o c i t y ;  a t  h igh  v e l o c i t i e s  t h e r e  was no mixing problem. 
Good mixing of  t he  SF, and mine a i r  i s  achieved when the  SF, i s  r e l ea sed  
a s  a j e t  spray from a pressur ized  l e c t u r e  b o t t l e  through a smal l  ho le  (.006- 
inch  d r i l l e d  through the  cap ( f i g .  1 ) .  Mixing is  f u r t h e r  improved by moving 
t h e  l e c t u r e  b o t t l e  around t h e  mine airway during r e l e a s e .  The volume of SF, 
r e l ea sed  i s  determined from t h e  weight l o s s  of t h e  l e c t u r e  b o t t l e .  
The gas samples a r e  taken i n  10-1111 g l a s s  syr inge  b o t t l e s  ( f i g .  2)  sea led  
wi th  t i g h t - f i t t i n g  rubber s toppe r s .  The syr inge  b o t t l e s  must be a i r t i g h t  
s i n c e  they a r e  o f t e n  exposed t o  vary ing  temperatures and p r e s s u r e s ,  and 
occas iona l ly  t o  t ime de lays  of s e v e r a l  days before  being t e s t e d  i n  t he  labora-  
tory.4 The SF, concent ra t ions  i n  t h e  syr inge  sample b o t t l e s  a r e  measured i n  
a po r t ab l e  e l e c t r o n  capture  gas chromatograph. This chromatograph ope ra t e s  
w i th  a n  8.5-foot by 1/8- inch s t a i n l e s s  s t e e l  column packed wi th  Chromasorb 
FIGURE 2. - SF6 lecture bottle and syringe sample bottles. 
41f the  concent ra t ion  o f  a given sample appears  -low a s  compared wi th  t h o s e  of  
the  o t h e r  samples,  we check t h i s  syr inge b o t t l e  i n  the  labora tory  by f i l l -  
ing  the b o t t l e  with a known amount of  SFG and measuring i t s  concen t r a t ion  
a g a i n  a f t e r  s eve ra l  days.  
102 (60-80 mesh)5 t h a t  has been t r e a t e d  a t  100" C f o r  two hours .  The ope ra t -  
i n g  temperature  i s  50" C .  The c a r r i e r  gas  i s  a rgon  w i th  5 percen t  methane, 
f lowing a t  10  cm3 pe r  17 seconds.  A 0 . 1 - m i l l i l i t e r  gas  sample i s  i n j e c t e d  
i n t o  t h e  chromatograph. The r e s u l t i n g  a n a l y s i s  i s  read by a d i g i t a l  vo l tme te r  
and p r i n t e d  ou t  a t  a r a t e  o f  20 read ings  per  second. SF, peak h e i g h t s  a r e  
used f o r  c a l i b r a t i o n  and a n a l y s i s .  A d e t a i l e d  d i s c u s s i o n  of  t h e  chromatograph 
c a l i b r a t i o n  procedure i s  g iven  elsewhere (lo). 
PRELIMINARY TRACER GAS EXPERIMENTS 
To determine i f  SF, could be t r a c e d  q u a n t i t a t i v e l y  underground, p r e l im i -  
nary exper iments  were conducted in t h e  Bureau o f  Mines Sa fe ty  Research Coal 
Mine, l oca t ed  a t  Bruceton,  Pa.  This  mine ( f i g .  3)  has  a s i n g l e  i n t a k e  and 
exhaus t  and i s  a n  i d e a l  f a c i l i t y  f o r  t e s t i n g  a t r a c e  ga s .  I n  t h e s e  expe r i -  
ments a known q u a n t i t y  of  SF, was r e l e a s e d  i n t o  t he  i n t a k e  a i r  a t  R ,  and 
a f t e r  a few minutes  t h e  r e t u r n  a i r  was sampled a t  S every 2 m i n u t e s  f o r  a 
per iod  of 90 minutes .  The samples were run  on t h e  chromatograph t o  determine 
FIGURE 3. - Bureau of Mines safety research coal mine. 
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t h e  SF, concen t r a t i ons .  The q u a n t i t y  of SF, pass ing  i n  the  r e t u r n  was e s  t ima- 
ted by s u b s t i t u t i n g  the  r e s u l t i n g  da t a  i n t o  the  fol lowing equa t i on :  
Q S F ,  = Q A I R  c d t .  
Here ,  Qs ,  i s  t h e  SF, volume, Qr i s  t h e  vo lumet r ic  a i r f l o w  r a t e  a t  t h e  sampl- 
i n g  and c  i s  t h e  SF, concen t r a t i on  a t  time t .  I n t e g r a t i o n  o f  t h i s  
equa t i on  i s  simply done by mu l t i p ly ing  C, , , t h e  average  SF6 concen t r a t i on  i n  
t hose  sample b o t t l e s  t h a t  con t a in  SF,, by t h e  t o t a l  t ime T  dur ing  which measur- 
a b l e  amounts o f  SF6 were found i n  t h e  r e t u r n  a i r .  This  t o t a l  time T  i s  t h e  
,,," in t h i s  case) m u l t i p l i e d  by the  number o f  samples sampling i n t e r v a l  (2 mirPicnc 
w i t h  a  measurable SFB concen t r a t i on .  Thus, t h e  above equa t i on  reduces  t o  
QS F 6  = Ql\ ( R  C.V T. 
Resu l t s  of a  t y p i c a l  experiment were a s  fo l lows:  10.5 l i t e r s  of  SF, were 
r e l e a s e d  i n  t h e  i n t a k e .  Of t h e  45 a i r  samples t aken  i n  t h e  r e t u r n  a t  2-minute 
i n t e r v a l s ,  3 1  conta ined  measurable  q u a n t i t i e s  of SF, w i th  a n  average  concentra-  
t i o n  o f  377 p a r t s  p e r  b i l l i o n  (pbb). The SF, concen t r a t i on  of  each sample i s  
assumed t o  r e p r e s e n t  t h e  SF, concen t r a t i on  a t  S ove r  a  2-minute  i n t e r v a l  (from 
1 minute  b e f o r e  t h e  sample i s  t aken  u n t i l  1 minute  a f t e r  i t  i s  t aken ) .  There- 
f o r e  t h e  31  samples con t a in ing  SF, i n d i c a t e  t h e  presence o f  SF, i n  t h e  r e t u r n  
f o r  a  per iod of 62 minutes a t  a n  average  concen t r a t i on  o f  377 ppb. The SF, 
concen t r a t i on  i n  t h e  r e t u r n  i s  p l o t t e d  a s  a  f u n c t i o n  of t h e  t ime from t h e  
r e l e a s e  of SF, i n  t h e  i n t a k e  i n  f i g u r e  4 .  The r e t u r n  volume a i r f l o w  was 
0 10 20 30 . 40 50  60 70 80 90 
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FIGURE 4. - SF6 concentration in the return as a function of time. 
16,280 cfm. Using t h e  c o n t i n u i t y  equa t i on  given above,  t h e  c a l c u l a t e d  quan- 
t i t y  o f   SF^ i n  t h e  r e t u r n  i s  a s  fo l l ows :  SF, ( l i t e r s )  = (16,280 f t 3  a i r / m i n )  
(377 x f t 3  s ~ , / f t ~ a i r )  (62 min) (28.3 l i t e r / f t 3 )  = 10.7 l i t e r s .  This  i s  
i n  good experimental  agreement w i th  t he  o r i g i n a l  va lue  of  10.5 l i t e r s  r e l ea sed  
i n  t h e  i n t a k e .  Resu l t s  w i th  t h i s  degree o f  accuracy were o b t a i n a b l e  on ly  i f  
t h e  SFB was thoroughly mixed w i th  t he  mine a i r .  
EFFECT OF DEEP M I N I N G  CONDITIONS ON TRACING WITH SF, 
A major  concern i n  t h e  development of t he  t r a c e r  gas  technique was t h a t  
i t  might no t  be e f f e c t i v e  i n  deep mines ,  where some of  t h e  SF, might be washed 
out by cooling plants or lost in the long multilevel air paths or i n  s topes .  
To determine t h e  e f f e c t  of  such c o n d i t i o n s ,  a n  experiment was conducted i n  a 
wes te rn  copper mine i n  which most of t h e  v e n t i l a t i o n  a i r  passed through cool-  
i n g  p l a n t s ,  heav i ly  s toped a r e a s ,  and over  long d i s t a n c e s  (up t o  4 m i l e s )  
be fo re  e x i t i n g  t h e  mine. This mine has  been worked s i n c e  t h e  19 th  cen tury  
and has  a n  extremely complicated and ex t ens ive  v e n t i l a t i o n  network. A s impl i -  
f i e d  schematic  of  t h e  mine i s  shown i n  f i g u r e  5 .  The experiment began w i th  
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FIGURE 5. - Schematic of copper mine. 
9:32 a.m. A i r  samples were t a k e n  a t  5 -minu te  i n t e r v a l s  from 9:30 a.m. t o  
12:OO noon a t  e a c h  of  t h r e e  sampl ing p o i n t s  ( f i g .  5 ) .  A i r  p a s s i n g  t h e s e  t h r e e  
l o c a t i o n s  encompassed t h e  e n t i r e  exhaus t  a i r  supp ly  from t h e  mine.  The t e s t  
r e s u l t s  a r e  p r e s e n t e d  i n  t a b l e  1. The t o t a l  SF, from t h e  t h r e e  exhaus t  sampl- 
i n g  l o c a t i o n s  i s  7 0 . 4  l i t e r s .  The volume o f  SF, r e l e a s e d  was 68.9  l i t e r s ,  
i n d i c a t i n g  a n  e r r o r  o f  abou t  2  p e r c e n t .  Th i s  i n d i c a t e s  t h e  SF, gas  i s  n o t  
washed o u t  t o  any measureab le  e x t e n t  by p a s s i n g  th rough  c o o l i n g  p l a n t s ,  and 
i s  n o t  l o s t  due t o  t h e  long a i r  t r a n s i t  t ime i n  t h e  mine o r  by t r a v e l i n g  
th rough  s toped  a r e a s .  
TABLE 1. - R e s u l t s  a t  t h e  t h r e e  sampl ing l o c a t i o n s  
irL a ~ . r n c i - n v n  w,o ,,, ,, cGpper mifie 
- 
3 1106,00019:40 a.m. l l l : 2 5  a.m.[  22 I 110 1 104 .3  1 34 .5  
 SF, r e l e a s e d  from -9:30 t o .  9:32 a  .m. 
RECIRCULATION MEASUREMENTS USING SF, 
Sampling 
l o c a t i o n  
1 
I n  m u l t i l e v e l  m i n e s ,  r e c i r c u l a t i o n  o f  r e t u r n  a i r  i n t o  i n t a k e  a i r w a y s  
can  be a  s e r i o u s  problem. G e n e r a l l y ,  i t  i s  due t o  l eakage  through s t o p e d  
a r e a s  t h a t  a r e  i n a d e q u a t e l y  s e a l e d .  I n  t h e  e v e n t  o f  a  mine f i r e ,  t h e  r e c i r -  
c u l a t e d  a i r  can con tamina te  t h e  i n t a k e  escape  r o u t e  w i t h  t o x i c  g a s e s .  To 
p r e v e n t  r e c i r c u l a t i o n ,  one must f i r s t  de te rmine  t h e  e x t e n t  t o  whicp i t  o c c u r s  
and f i n d  where t h e  l eakage  i s  t a k i n g  p l a c e .  T r a c e r  gas  c a n  be a p p l i e d  f o r  
t h i s  purpose .  
2  1 65 ,00019 :35  a . m . l l l : 5 0  a.m.1 28 1 140 1 69 .5  1 17 .8  
Time of  
l a s t  
SF, a t  
l o c a t i o n  
11:20 a.m. 
Two t r a c e r  gas  exper iments  were conducted i n  a  w e s t e r n  m e t a l  mine where 
r e c i r c u l a t i o n  was known t o  o c c u r  ( f i g .  6 ) .  To de te rmine  t h e  pe rcen tage  o f  
t h e  r e t u r n  a i r  l e a k i n g  th rough  t h e  s t o p e s  i n t o  t h e  i n t a k e ,  a  measured volume 
of SF, was r e l e a s e d  i n t o  t h e  r e t u r n ,  and i n t a k e  a i r  samples were p e r i o d i c a l l y  
t a k e n .  The pe rcen tage  of  t h e  r e t u r n  a i r  r e c i r c u l a t e d  i n t o  t h e  i n t a k e  was 
c a l c u l a t e d  from t h e  r a t i o  o f  SF, i n  t h e  i n t a k e  t o  t h e  t o t a l  SF,. 
A i r -  
f low 
r a t e ,  
cfm 
66,000 
I n  t h e  f i r s t  exper iment ,  32.4 l i t e r s  o f  SF, were r e l e a s e d  from 10:45 t o  
1 1 : O O  a.m. a t  R1 i n  t h e  r e t u r n ,  where t h e  a i r  f low was 86,000 c h .  A i r  
samples  were c x l e c t e d  a t  L-minute  i n t e r v a l s  from 10:45 t o  11 :37 a.m. a t  2, 
where t h e  f low was 87,000 c h .  Sample a n a l y s i s  showed t h a t  SF, f i r s t  appeared  
a t  a t  10:59 a  .m.  and con t inued  i n  measurab le  c o n c e n t r a t i o n s  u n t i l  11: 19 
a.m. ( f i g .  7 ) .  The c a l c u l a t e d  volume o f  SF, t o  have passed was 2 . 1  l i t e r s ,  
i n d i c a t i n g  r e c i r c u l a t i o n  i n  t h i s  a r e a  t o  be s l i g h t l y  g r e a t e r  t h a n  6 p e r c e n t .  
A r r i v a l  
t ime of  
SF,' 
9:55 a.m. 
I n  t h e  second r e c i r c u l a t i o n  exper iment ,  8 .6  l i t e r s  of  SF, were r e l e a s e d  
from 1 :10  t o  1:23 p.m. a t  R2 i n  t h e  r e t u r n .  The a i r  f low a t  R2 was 7 ,000 c h  
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Number o f  
samples 
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FIGURE 6. - Western metal mine where recirculation 
experiments were conducted. 
T IME FROM RELEASE OF SFg, min  
but  increased  cons iderab ly  
f u r t h e r  up the  r e t u r n .  A i r  
samples were taken i n  5- 
minute i n t e r v a l s  from 1:10 
t o  2:45 p.m. a t  S2 i n  the  
i n t a k e ,  where t h y a i r f  low 
was 58,000 cfm. The f i r s t  
r e c i r c u l a t e d  SF, appeared i n  
t h e  sample taken a t  1:40 
p .m.  , and vary ing  amounts of 
SF, were found u n t i l  2  :35 
p.m. F igu re  8 shows the  SF, 
concen t r a t i on  a t  a s  a  
func t ion  o f  time from 
r e l e a s e .  The c a l c u l a t e d  
volume of r e c i r c u l a t e d  SF, 
was 5 . 3  l i t e r s ,  i n d i c a t i n g  
61 percent  r e c i r c u l a t i o n .  
Without f u r t h e r  experiments ,  
i t  i s  impossible t o  d e t e r -  
mine i f  61  percent  of t h e  
7,000 cfm a t  t h e  r e l e a s e  
l o c a t i o n  was r e c i r c u l a t e d  o r  
i f  61 percent  of some l a r g e r  
volume of r e t u r n  a i r  was 
r e c i r c u l a t e d .  This  depends 
upon where t h e  leakage 
occurred.  I f  some leakage 
occurred above the l e v e l  
where t he  25,000 c h  e n t e r s  
t he  r e t u r n  s h a f t ,  then  i t  i s  
61 percent  of a  l a r g e r  a i r  
volume. Other t r a c e r  gas 
experiments ,  wi th  the  
r e l e a s e  o r  sampling p o i n t s  
loca ted  f u r t h e r  up the 
s h a f t s ,  would be r equ i r ed  t o  
determine where t h e  leakage 
occurred.  
FIGURE 7. - SF6 concentration in  the intake during 
f i rst  recirculat ion test. 
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FIGURE 8. - SF6 concentrat ion in the intake during second recirculat ion test. 
FACE VENTILATION ANALYSIS I N  A ROOM-AND-PILLAR MINE 
T r a c e r  gas  was employed t o  e v a l u a t e  f a c e  v e n t i l a t i o n  i n  a  Pennsylvania  
l imes tone  mine worked by t h e  room-and-p i l l a r  method. A t  t h e  t ime of  t h e  exper-  
iment ,  t h e  l a s t  room on t h e  working f a c e  was 16 room ( f i g .  9 ) "  Dust and 
d i e s e l  fume c o n c e n t r a t i o n s  around 16 room were h i g h .  It was assumed t h a t  
i n t a k e  a i r  was n o t  r each ing  16 room i n  s u f f i c i e n t  q u a n t i t i e s .  To check t h i s  
a ssumpt ion ,  a  known amount of  SF, was r e l e a s e d  i n t o  t h e  i n t a k e  a i r  and t h e  
amount o f  SF, r e a c h i n g  16 room was measured.  
T h i r t y  l i t e r s  of SF, w e r e r e l e a s e d  i n  t h e  i n t a k e  a i r  a t  5  room ( f i g .  9) a t  
9:54 a . m . ;  gas  sampl ing began a t  9:54 a t  bo th  t h e  j u n c t i o n  of 16 room and 10 
b u t t ,  and i n  9  b u t t  abou t  50 f e e t  down a i r  from t h e  a u x i l i a r y  f a n  mounted 
between 13 and 14 rooms. The a u x i l i a r y  f a n  exhausted t h e  a i r  from t h e  working 
f a c e .  Samples were t a k e n  i n  bo th  l o c a t i o n s  e v e r y  minu te  u n t i l  10:30 a.m. The 
samples t a k e n  i n  16 room showed s l i g h t  t r a c e s  o f  SF, (about 1 ppb) from 10:04 
u n t i l  10:18 a.m. I n  9  b u t t  t h e  samples showed more t h a n  100 ppb SF, a f t e r  
o n l y  2 minu tes  and cont inued t o  show t h e s e  h igh  c o n c e n t r a t i o n s  th roughout  t h e  
remaining 34 minu tes  o f  sampl ing.  S i n c e  t h e  SF, i n  t h e  r e t u r n  a i r  i n  9 b u t t  
g e n e r a l l y  exceeded 100 ppb and t h e  SF, i n  16 room was 1 ppb o r  l e s s ,  i t  would 
a p p e a r  t h a t  o n l y  1 p e r c e n t  o r  l e s s  o f  t h e  i n t a k e  a i r  e v e r  reaches  16 room. 
The a u x i l i a r y  f a n  i s  e v i d e n t l y  e x h a u s t i n g  t h e  a i r  b e f o r e  i t  reaches  16 room, 
r e s u l t i n g  i n  h i g h  c o n c e n t r a t i o n s  of  d u s t  and fumes. 
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FIGURE 9. - Area of limestone mine where face ventilation experiment was conducted. 
USE OF TRACER GAS TO MEASURE AIRFLOWS 
One important  use  of  t r a c e r  gas i s  t o  measure volume flow r a t e s  i n  a i r -  
ways where t h e  c r o s s  s e c t i o n  i n  too  l a r g e  and/or  t h e  v e l o c i t y  i s  too  low f o r  
s t anda rd  measurements. An experiment of  t h i s  type was conducted i n  a  Pennsyl- 
van ia  l imestone mine w i t h  a  v e r t i c a l  n a t u r a l  d r a f t  i n t ake  h o l e  about  70 f e e t  
deep and about  20 f e e t  i n  d iameter .  The h o l e  c a r r i e s  i n t a k e  a i r  from t h e  
s u r f a c e  down t o  a n  airway of about  800 f t a  c ro s s - s ec t i on .  S ince  t h e  c r o s s  
s e c t i o n  was t oo  l a r g e  and t h e  v e l o c i t y  too  low t o  use  a n  anemometer t r a v e r s e ,  
t h e  volume flow r a t e  down t h e  i n t a k e  was measured w i th  t he  t r a c e r  gas  
t echnique .  
Around t h e  s u r f a c e  per imete r  of t h e  h o l e ,  12.2 l i t e r s  o f  SF, were r e l ea sed  
from a l e c t u r e  b o t t l e .  The gas was r e l ea sed  i n  a  j e t  spray  d i r e c t e d  down 
i n t o  t h e  ho l e  t o  i n s u r e  t h a t  a l l  t h e  gas en t e r ed  t h e  mine. S t a r t i n g  s imul ta -  
neously w i t h  t h e  SF, r e l e a s e ,  samples were taken  every minute f o r  35 minutes  
a t  a  s t a t i o n  i n  t he  i n t a k e  a i rway loca ted  70 f e e t  from the  bottom of  t h e  
v e r t i c a l  h o l e .  Of t he  36 samples t aken ,  27 contained SF, a t  a n  average con- 
c e n t r a t i o n  of  470 ppb. Assuming t h a t  a l l  t h e  SF, r e l ea sed  en t e r ed  t h e  i n t a k e  
h o l e ,  t h e  volume a i r f l o w  r a t e  i n t o  t h e  mine from the  n a t u r a l  d r a f t  i n t a k e  can 
be c a l c u l a t e d  from t h e  c o n t i n u i t y  equa t i on :  Q, ,= = Q A  Cav T. I n  t h i s  c a s e ,  
Q, , , i s  t h e  a i r f l o w  r a t e ,  Q s F  i s  t h e  volume of  SF, r e l e a s e d ,  C, i s  t h e  a v e r -  
age SF, c o n c e n t r a t i o n  i n  t h e  ,27 samples c o n t a i n i n g  SF,, and T i s  the  27- 
minute  t ime i n t e r v a l  t h a t  t h e s e  samples r e p r e s e n t .  There fore  12.2  l i t e r s  = 
(470 x loo9 ft?SF, / f t 3  a i r )  (28.3 l i t e r s / f t 3 )  (27 min) ( Q  , ) From t h i s  we 
can c a l c u l a t e  Q A  ,,, t h e  a i r f l o w  r a t e ,  and we f i n d  t h a t  QA , , = 34,000 cfm. 
A I R  LEAKAGE EXPERIMENTS 
M u l t i l e v e l  mines w i t h  invo lved  v e n t i l a t i o n  p a t t e r n s  , l a r g e  s t o p e d  a r e a s ,  
and numerous bulkheads a r e  o f t e n  s u b j e c t  t o  s e r i o u s  a i r  l eakages  t h a t  a r e  d i f -  
f i c u l t  t o  t r a c k  down. The t r a c e r  gas  can be u s e f u l  h e r e ,  a s  was shown i n  
t h r e e  s e p a r a t e  exper iments  conducted i n  a  w e s t e r n  m e t a l  mine where s e v e r a l  
major  a i r  l eakages  were known t o  e x i s t .  
Experiment -~ 1. --Figure 10 i s  a  g e n e r a l  schemat ic  o f  t h e  a i r f l o w  p a t t e r n  
i n  t h e  mine.  A f t e r  p a s s i n g  through t h e  s t o p e s  t h e  exhaus t  a i r f l o w  was abou t  
55,000 cfm. A t  t h e  t o p  o f  s h a f t  No. 1, j u s t  beyond t h e  i n c l i n e d  s h a f t  
j u n c t i o n ,  t h e  f low was 117,000 cfm. It was abou t  120,000 c h  a t  t h e  exhaus t  
s h a f t ,  showing a n  i n c r e a s e  i n  t h e  r e t u r n  a i r  volume o f  65,000 cfm, o f  which 
12,000 cfrn cou ld  be c r e d i t e d  t o  leakage through t h e  bulkhead a t  t h e  bottom o f  
t h e  i n c l i n e d  s h a f t .  The problem was t o  account  f o r  t h e  o t h e r  53,000 cfm. One 
good p o s s i b i l i t y  was t h a t  a i r  was l e a k i n g  from t h e  o l d  workings of a n  a d j a c e n t  
mine i n t o  No. 1 s h a f t ,  which was i n a c c e s s a b l e  t o  a n  anemometer su rvey .  
Almost 70 l i t e r s  of SF, were r e l e a s e d  i n t o  t h e  i n t a k e  ( R l )  of t h e  a d j a -  
c e n t  mine from 11:02 t o  11: 15 a  .m. A i r  samples were t a k e n  a t t h e  exhaus t  
f a n  (2) of  t h e  working mine from 11:30 a . m .  t o  3:00 p.m. I f  t h e r e  was 
l eakage  from t h e  o l d  mine ,  t h e  SF, would have shown i t s e l f  i n  measurable  
c o n c e n t r a t i o n s  by t h e n ,  a s  can  be s e e n  from t h e  fo l lowing  c a l c u l a t i o n .  The 
70 l i t e r s  of  SF, was e q u i v a l e n t  t o  abou t  2 . 5  f t 3 .  The a i r f l o w  i n  the  a d j a -  
c e n t  mine was around 20,000 cfm. Assuming t h a t  t h e  SF, s p r e a d s  i t s e l f  o u t  
i n  t h e  a d j a c e n t  mine over  a  pe r iod  of 1 hour,  t h e n  i t s  c o n c e n t r a t i o n  could 
be c a l c u l a t e d  a s  fo l lows :  2 . 5  f t 3  = 2 . 1  x lo", o r  2 . 1  ppm. 
20,000 f t3 /min  x 60 min 
I f  o n l y  1 ,000 c h  l e a k s  i n t o  t h e  working mine and i s  d i l u t e d  i n  120,000 cfrn 
t h e n  t h e  SF, c o n c e n t r a t i o n  i n  t h e  working mine cou ld  be  c a l c u l a t e d  a s  f o l l o w s :  
- 
2 . 1  x loo6 f t 3  SF OoO f t 3  air  = 1.75 x loe8,  o r  17. 5 ppb,  which would ETS' X ~ O , O O O  f t 3  a i r  
be e a s i l y  d e t e c t e d .  S ince  no SF, showed i n  any o f  t h e  samples t a k e n ,  i t  can  
be concluded t h a t  the  unaccounted f o r  a i r  does n o t  come from t h e  a d j a c e n t  mine.  
Experiment 2 .  --A second p o s s i b i l i t y  was leakage from t h e  i n c l i n e d  s h a f t  
through o l d  s t o p e s  and down i n t o  No. 1 s h a f t  ( f i g .  1 0 ) .  To e x p l o r e  t h i s  
p o s s i b i l i t y  8 . 6  l i t e r s  of  SF, were r e l e a s e d  a t  t h e  t o p  of t h e  i n c l i n e d  s h a f t  
a t  a t  8 :55 a.m. and sampling was s t a r t e d  a t  t h e  top  of  No. 1 s h a f t  a t  __. S2
and j u s t  behind a  l eaky  bulkhead i n  t h e  i n c l i n e d  s h a f t  on t h e  r e t u r n  a i r  s i d e  
a t  ~ 3 .  Samples were t a k e n  a t  5-minute i n t e r v a l s  u n t i l  10:30 a  . m .  Ana lys i s  
s h o z d  t h a t  4 . 4  l i t e r s  of SF, showed a t  S2 and 6 . 3  l i t e r s  of SF, showed a t  - S3. 
Th is  i s  a t o t a l  o f  10 .7  l i t e r s  of SF,, w G r e a s  o n l y  8 .6  l i t e r s  had been 
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FIGURE 10. - Schematic of mine where leakage tests  were conducted. 
i n  o n l y  a  s m a l l  number o f  samples ,  t h u s  reduc ing  t h e  a c c u r a c y  o f  t h e  numer ica l  
i n t e g r a  t i o n .  
S i n c e  some SF, d i d  show a t  t h e  t o p  o f  No. 1 s h a f t ,  we know t h a t  t h e r e  i s  
some leakage  from t h e  i n c l i n e d  s h a f t  through t h e  o l d  s t o p e s  and i n t o  t h e  
r e t u r n  a i r  somewhere below t h e  t o p  of  No. 1 s h a f t .  However, o t h e r  c o n s i d e r a -  
t i o n s  would i n d i c a t e  t h a t  t h i s  leakage i s  s m a l l .  An anemometer t r a v e r s e  a t  
t h e  t o p  of  t h e  i n c l i n e d  s h a f t  a t  R2 i n d i c a t e d  a  f low of  2 ,000 cfm down t h e  
s h a f t  a t  t h i s  p o i n t .  On t h e  o t h e a a n d ,  12,000 cfm was l e a k i n g  th rough  t h e  
bulkhead a t  S3,  i n d i c a t i n g ,  r a t h e r  s u r p r i s i n g l y ,  t h a t  t h e  n e t  leakage i n  t h e  
s h a f t  was i n T n d  n o t  o u t .  
The SF, t r a v e l  t ime between r e l e a s e  a t  R2 and t h e  f i r s t  appearance  a t  
S3 was 50 m i n u t e s .  The d i s t a n c e  t r a v e l e d  down t h e  i n c l i n e d  s h a f t  was 1 , 7 0 0  
-
f e e t ,  i n d i c a t i n g  a  v e l o c i t y  o f  34 f t / m i n .  I f  t h e  s h a f t  c r o s s  s e c t i o n  was 60 
f  t2 , t h e n  t h e  a v e r a g e  a i r f l o w  was 2,040 cfm. T h i s  i n d i c a t e s  t h a t  most o f  t h e  
l eakage  i n t o  t h e  i n c l i n e d  s h a f t  took p l a c e  n e a r  t h e  bottom and very  c l o s e  
t o  S3. 
-
Experiment 3.1-This exper iment  took p l a c e  i n  a  d i f f e r e n t  p o r t i o n  of t h e  
mine.  The i n t a k e  a i r  volume on C l e v e l  ( f i g .  11) was 51,500 c h .  A t  t h e  
j u n c t i o n  o f  C l e v e l  and No. 8  s h a f t  t h i s  a i r  volume s p l i t s  t h r e e  ways : up 
and down No. 8  s h a f t  and th rough  t h e  C l e v e l  d o o r s  on t h e  o t h e r  s i d e  o f  No. 8 
s h a f t .  These t h r e e  a i r  volumes were measured,  t h e y  t o t a l e d  t o  38,300 cfm, 
l e a v i n g  a  l o s s  o f  13,200 c£m o f  a i r  somewhere a l o n g  C l e v e l .  Leakage through 
c r a c k s  from t h e  C t o  the  B l e v e l  was s u s p e c t e d .  
A known amount of SF,, 6 . 6  l i t e r s ,  was r e l e a s e d  a t  R on t h e  C l e v e l  a t  
11 :57 a  . m .  , and sampling began n e x t  t o  No. 8 s h a f t  on th; B l e v e l  ( S l )  and 
a b o u t  1,500 f e e t  f u r t h e r  a l o n g  B l e v e l  (S2).  The r e s u l t s  r e v e a l e d  G o  
s i g n i f i c a n t  f a c t s .  F i r s t ,  SF, a r r i v e d  a T s 2  a t  12:  17 p.m. , b u t  d i d  n o t  r e a c h  
S1 u n t i l  12:26 p.m. , i n d i c a t i n g  t h a t  some z6 d i d  l e a k  from t h e  C t o  t h e  B 
l e v e l .  Second, t h e  t o t a l  volume o f  SF, p a s s i n g  52 was 0 . 5  l i t e r  more t h a n  t h e  
volume p a s s i n g  z. This  0 . 5  l i t e r  i s  obv ious ly  x e  volume of  SF, t h a t  l eaked  
th rough .  The l o s t  a i r  volume was 13,200 cfm; i f  a l l  of t h i s  were going t o  
t h e  B l e v e l ,  t h e  SF, q u a n t i t y  d i f f e r e n c e  would have been 13,200 c£m/51,500 
cfrn x 6 . 6  l i t e r s  = 1 . 7  l i t e r s .  Since  o n l y  0 . 5  l i t e r  e x t r a  showed up on t h e  
No. 8 shaft 
FIGURE 11. - Leakage tes t  on C level .  
- - 
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B l e v e l ,  i t  would seem t h a t  l e s s  t han  one - th i rd  o f  t he  l o s t  a i r  goes t o  t h e  
B l e v e l .  The remaining l o s t  a i r  must l e a k  e lsewhere .  
It i s  i n t e r e s t i n g  t o  n o t e  t h a t  a l t hough  t h e  s t r a i g h t  d i s t a n c e  between 
t h e  C and B l e v e l s  i s  on ly  300 f e e t ,  i t  took 20 minutes  f o r  t h e  SF, t o  a r r i v e  
a t  S2. I f  t h e  leakage was about  4 ,000 cfm, t h e  c r o s s  s e c t i o n  through which 
t h e l e a k a g e  a i r  passed must be l a r g e .  
COOLING PLANT RECIRCULATION EXPERIMENTS 
I n  deep mines ,  t h e  a i r  temperature  i s  main ta ined  a t  t o l e r a b l e  l e v e l s  by 
underground c ~ o l i n g  p lan t s  t h a t  may cause l a r g e  volumes of a i r  t o  be r e c i r c u -  
l a t e d  i n  t h e  mining a r e a s .  I n  c a se  o f  a  mine f i r e ,  t h e  coo l i ng  p l a n t s  could 
r e c i r c u l a t e  contaminated a i r .  The amount o f  r e c i r c u l a t i o n  occu r r i ng  a t  two 
c o o l i n g  p l a n t s  i n  t h e  wes te rn  copper mine was determined q u a n t i t a t i v e l y  by 
r e l e a s i n g  a  g iven  volume of  SF, i n t o  t h e  i n t a k e  o f  t h e  coo l i ng  p l a n t  and 
moni to r ing  t h i s  i n t a k e  f o r  t h e  nex t  two hours .  
I f  t h e  volume o f  SF, r e l e a s e d  i s  R and t h e  f r a c t i o n  r e c i r c u l a t e d  i s  n ,  
t hen  t h e  volume of SF, r e t u r n i n g  t h e  f i r s t  t ime around i s  nR. The second 
t ime around t h e  volume is  n 2 ~ ,  and t h e  t h i r d  time i t  i s  n 3 ~ ,  and s o  on .  The 
sum o f  t h i s  s e r i e s  i s  A - A\ R ,  where A i s  t h e  t o t a l  volume of SF, 
-( I a n ,  
r e c i r c u l a t e d .  I n  t h i s  c a s e ,  A i s  t he  volume o f  SF, monitored a t  t h e  coo l i ng  
p l a n t  i n t ake  du r ing  t h e  e ~ p e r i m e n t . ~  It can  be s een  from t a b l e  2  t h a t  approx- 
imate ly  50 pe r cen t  o f  t h e  a i r  pa s s ing  through t h e s e  coo l i ng  p l a n t s  i s  r e c i r c u -  
l a t e d .  A concen t ra t ion- t ime  curve  f o r  t he  second coo l ing  p l a n t  i s  g iven  i n  
f i g u r e  12,  where t h e  i n d i v i d u a l  peaks most l i k e l y  r e p r e s e n t  r e c i r c u l a t i o n  
a l o n g  d i f f e r e n t  p a t h s .  
TABLE 2 .  - Resu l t s  of coo l i ng  p l a n t  r e c i r c u l a t i o n  t e s t s  
7 - 
A I R  TRANSIT TIMES I N  URANIUM MINES 
Coo l i n g  
p l a n t  
1 
2  
Radon daughte r  l e v e l s  i n  uranium mines a r e  a  f u n c t i o n  of  t he  mine a i r  
t r a n s i t  t imes ,  s i n c e  t h e  l e v e l s  i n c r e a s e  w i th  t ime a f t e r  mining.  The re fo r e ,  
t h e  s h o r t e r  t h e  a i r  t r a n s i t  t ime underground, t h e  lower t h e  radon daughte r  
l e v e l s .  Unfor tuna te ly  , t h e  complexity o f  t h e  a i r  p a t t e r n s  underground makes 
i t  d i f f i c u l t  t o  e s t i m a t e  a i r  t r a n s i t  t imes .  The t r a c e  gas t echn ique  a g a i n  
p rov ides  a  s t r a i g h t f o r w a r d  s o l u t i o n  
6This  approach was n o t  used i n  the  exper iments  d i s cus sed  p r ev ious ly  t o  measure 
r e c i r c u l a t i o n  from r e t u r n  i n t o  i n t ake  a i rways because SF, moni to r ing  was 
d i s con t i nued  be fo r e  t he  gas could r e t u r n  a  second t ime .  
SF, r e l e a s e d  (R) 
l i t e r s  
1 9 . 1  
31.1  
T o t a l  volume 
o f  SF, r e c i r -  
c u l a t e d  @) 
l i t e r s  
2 2 . 9  
2 6 . 1  
R e c i r c u l a t i o n  
f a c t o r  (n) 
0 . 54  
.46 
TlME FROM SF6 RELEASE, min 
FIGURE 12. - SF6 concentration versus time for cooling plant test. 
Trace gas  exper iments  t o  determine a i r  t r a n s i t  t imes were conducted i n  
t h r e e  sou thwes te rn  uranium mines ,  each o f  which had a  major i n t a k e  w i th  t h r e e  
exhaus t s  ( t a b l e  3 ) .  A known volume of  SF, was r e l e a s e d  i n t o  t he  i n t a k e  s h a f t  
- 
on t h e  s u r f a c e  and b o t t l e  
500 1-1 gas  samples were t aken  a t  
mine exhaust shaft. 
400 






2 0 0  
100 
each of t h e  t h r e e  exhaus t s  
f o r  one hour a f t e r w a r d s .  
-  0 Figu re  13 shows a  concen t ra -  t i o n  curve f o r  t h e  SF, exhaus t i ng  from one of t h e  upcas t  s h a f t s .  This  curve - i s  t y p i c a l  i n  t h a t  f o r  a l l  n i n e  of  t h e  exhaust  s h a f t s  moni to red ,  t h e  peak SF, con- - c e n t r a t i o n  appeared i n  l e s s  t han  30 minutes  ; i n  a lmos t  
every  ca se  some r e s i d u a l  SF, 
was s t i l l  i n  t h e  mine a n  
- 1 hour  a f t e r  r e l e a s e .  
The re fo r e ,  i n  a l l  t h r e e  
0 - 1  1 0 mines t e s t e d  t h e  bulk o f  t he  
0 10 2 0  3 0  40 5 0  60 SF, had e x i t e d  w i t h i n  a n  
TIME FROM SF6 RELEASE, min hour  a f t e r  r e l e a s e  i n t o  t he  
i n t a k e .  The f a c t  t h a t  no t  
FIGURE 13. - SF6 concentration curve from a uranium 
a l l  t h e  t r a c e r  gas  could  be accounted f o r  i s  probably  due t o  t h e  l a r g e  number 
of dead headings  i n  the  mines .  
TABLE 3 .  - R e s u l t s  o f  t r a n s i t  a i r  time t e s t s  i n  uranium mines 
SF6 SF, 
Mine and exhaus t  s h a f t  r e l e a s e d ,  e x i t i n g ,  
l i t e r s  l i t e r s  
- 
Mine 1: 
Exhaust  s h a f t  1-1.. - 6 4 
Exhaust  s h a f t  1-2. . 1 a I i 2 . 2  
n o t  
accounted 
f o r ,  
l i t e r s  
Exhaust  s h a f t  103.  . 
T o t a l  . . . . . . . . . . .  
Mine 2 :  
1 25:2 1-f 2y6 
Exhaust  s h a f t  2 - 1 . .  
Exhaust  s h a f t  2 - 2 . .  - I 2  / 1 
Exhaust  s h a f t  2-3. .  
T o t a l  . . . . . . . . . . .  1 31:3 
Mine 3 :  
Exhaust  s h a f t  3 - 1 . .  
Exhaust  s h a f t  3-2 .  . 
Exhaust  s h a f t  3-3.  . 
To t a  1 .  . . . . . . . . . .  29 .2  2 5 . 9  3 . 3  
Peak c o n c e n t r a t i o n  t r a t i o n  
Time a f t e r  1 Ppb a f t e r  1 
r e l e a s e ,  min h o u r ,  
CONCLUSIONS 
The SF, t r a c e r  gas  has  shown i t s e l f  t o  be a  u s e f u l  and v e r s a t i l e  t o o l  f o r  
s t u d y i n g  mine v e n t i l a t i o n  systems . The Bureau o f  Mines has  s u c c e s s f u l l y  
employed SF, t o  measure and i d e n t i f y  v e n t i l a t i o n  problems such a s  a i r  l eakage  
through o l d  s t o p e s ,  d o o r s ,  and c r a c k s ;  a i r  r e c i r c u l a t i o n  caused by l eakage  and 
c o o l i n g  p l a n t s  ; a i r f l o w  r a t e s  i n  a i rways  o f  l a r g e  c r o s s  s e c t i o n s  and low v e l -  
o c i t i e s ;  a i r  exchange r a t e s  i n  poor ly  v e n t i l a t e d  a r e a s ;  and a i r  t r a n s i t  t imes  
underground. The s i m p l i c i t y  and a c c u r a c y  o f  t h e  t r a c e r  gas  t echn ique  i n  
s t u d y i n g  v e n t i l a t i o n  sys tems where c o n v e n t i o n a l  methods f a i l  w a r r a n t s  s e r i o u s  
c o n s i d e r a t i o n  o f  a d o p t i n g  t h e  t r a c e r  gas  a s  a  s t a n d a r d  v e n t i l a t i o n  t o o l .  
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